ABSTRACT Flowering plants (angiosperms) are the most prevalent and evolutionarily advanced group of plants. Success of these plants is owed to several unique evolutionary adaptations that aid in reproduction: the flower, the closed carpel, double fertilization, and the ultimate products of fertilization, seeds enclosed in the fruit. Angiosperms exhibit a vast array of reproductive strategies, including both asexual and sexual, the latter of which includes both self-fertilization and cross-fertilization. Asexual reproduction and self-fertilization are important reproductive strategies in a variety of situations, such as when mates are scarce or when the environment remains relatively stable. However, reproductive strategies promoting cross-fertilization are critical to angiosperm success, since they contribute to the creation of genetically diverse populations, which increase the probability that at least one individual in a population will survive given changing environmental conditions. The evolution of several physical and genetic barriers to self-fertilization or fertilization among closely related individuals is thus widespread in angiosperms. A major genetic barrier to self-fertilization is self-incompatibility (SI), which allows female reproductive cells to discriminate between "self" and "non-self" pollen, and specifically reject self pollen. Evidence for the importance of SI in angiosperm evolution lies in the highly diverse set of mechanisms used by various angiosperm families for recognition of self pollen tube development and preventing self-fertilization.
Introduction
As for all organisms, reproductive success is critical for survival in plants. All plants have the capacity to reproduce sexually, but given their predominantly sessile lifestyle, it is no wonder that plants have maintained the ability to reproduce without the need for a mate throughout their evolutionary history. Most plant species, but very few animal species, have the capacity to reproduce asexually. Even the most evolutionarily advanced and successful group of plants, the angiosperms (flowering plants), are capable not only of reproducing asexually, but can reproduce sexually via self-fertilization, whereby the egg and sperm from the same plant fuse to produce viable offspring. Hermaphroditism, the condition in which an individual has both male and female reproductive structures, is a pre-requisite for self-fertilization. This condition and the ability to self-fertilize are relatively rare in animals but very common in plants.
While self-fertilization has its advantages under favorable and relatively stable conditions, it can be problematic in more variable and unpredictable environments. Since self-fertilization ultimately results in the production of genetically identical offspring, it can culminate in a population of low genetic diversity, making the perpetuation of populations difficult in the variable environments that plants encounter in nature and often cannot escape. It is therefore not surprising that throughout their history, plants have evolved many different mechanisms for preventing self-fertilization, or at least promoting cross-fertilization, which allow them to avoid the potentially deleterious consequences of inbreeding.
In this review, we outline the unique features of fertilization in flowering plants. We focus on the events that precede egg-sperm fusion, namely the intricate interactions that occur between pollen and pollen tube (which carry the haploid male gametes) on the one hand, and diploid cells of the pistil (the female reproductive structure that harbors the haploid female gametes) on the other hand. These highly orchestrated interactions are critical determinants of reproductive success in flowering plants and as a consequence, they have been primary targets in the evolution of reproductive barriers that promote out-crossing.
of the tapetum, a specialized secretory cell layer that lines the pollen sac. At maturity, pollen grains, released by dehiscence of the anthers, are in effect free-living gametophytes, which contain not only the sperm cells that participate in fertilization, but also a vegetative cell that supports the germination and growth of the pollen tube as it journeys within the pistil towards the ovary (for a review of pollen development, see McCormick, 2004) . In the pistil, meiosis occurs within ovules buried deep inside the ovary and produces, after several mitotic divisions, a haploid embryo sac consisting of seven cells, among which a uninucleate egg cell and a binucleate central cell participate in fertilization. The embryo sac is protected by diploid tissues of the ovule, which form a discontinuous layer surrounding the embryo sac with an opening near the egg cell for pollen tube entry (see Reiser and Fischer, 1993 and Yadegari and Drews, 2004 for reviews of embryo sac development).
Once a pollen tube enters the embryo sac, it releases its cargo of two sperm cells which effect double fertilization, an evolutionary adaptation unique to angiosperms: one sperm cell fuses with the egg cell to create a diploid zygote that divides by mitosis to become an embryo, while the second sperm cell fuses with the binucleate central cell to create a triploid endosperm that nourishes the developing embryo. At the culmination of embryo development, the ovule has become a seed, with its surrounding diploid tissues having become the seed coat. At maturity, the ovary develops into the fruit, yet another reproductive feature unique to angiosperms, which serves to protect the seed(s) and often functions in seed dispersal. Angiosperms are so-named according to this adaptive advantage of a protected seed: the word "angiosperm" comes from the Greek words angeion ("vessel") and sperma ("seed") (Raven et al., 2005) . Double fertilization is only the last of many steps that are critical for reproductive success in flowering plants. The development of male and female gametes in physically separate structures, even in hermaphroditic flowers, and the fact that female gametes are enclosed deep within the ovary mean that, for fertilization to occur, the pollen tube must grow across the many layers of diploid cells in the pistil, often traversing long distances at high speed. For example, the maize pollen tube elongates at the astounding speed of 4-10 mm/h (Booy et al., 1992) through the long silk of the maize pistil. The pollen tube is not filled with cytoplasm along its length; rather, the cytoplasm is confined to the growing tube tip as a result of β-1,3 glucan (callose) "plugs" akin to fungal septa, which are deposited at regular intervals and separate the cytoplasm from the spent pollen grain and older part of the tube.
The successful journey of the pollen tube towards its ovule targets is dependent on its intricate and highly regulated interactions with diploid cells of the female reproductive apparatus. These interactions occur at all stages of pollen tube development, starting with adhesion and hydration of the pollen grain and germination of the pollen tube at the stigma epidermal surface, continuing with intercellular growth through specialized tissue (called the transmitting tract) in the stigma, style, and ovary, and ending with pollen tube entry into the ovule. In view of these interactions, the pistil acts not only as a passive conduit for pollen tubes, but also as a pre-fertilization selective sieve for screening the many pollen grains from various sources that bombard it, allowing the germination and growth of appropriate grains and preventing the development of inappropriate grains. In this capac-ity, the pistil is central to preventing non-productive and energetically wasteful inter-specific egg-sperm fusions. Additionally, the pistil can function as an intra-specific pre-zygotic barrier to fertilization, as occurs in plants that exhibit genetic self-incompatibility.
Pre-zygotic genetic barriers to self-fertilization
Genetic diversity is vital to the long-term success of populations, as it increases the probability that at least one individual in a population will survive in the face of drastic environmental fluctuations. Angiosperms have evolved many methods of avoiding self-fertilization and thus inbreeding, thereby promoting outcrossing and increasing genetic diversity. Some angiosperms exhibit unisexual male and female flowers that may be located on separate plants (as in holly), which precludes self-fertilization, or on the same individual (as in maize), which reduces but does not prevent self-fertilization. The majority of angiosperms, however, have hermaphroditic flowers in which male and female organs develop coordinately in close proximity to each other. In some of these plants (e.g., sugar maple), differential timing of anther and stigma maturation promotes out-crossing by drastically reducing opportunities for self-fertilization. In others, self-fertilization is prevented and out-crossing is ensured by self-incompatibility systems that discriminate between genetically-related (self) and genetically unrelated (non-self) pollen grains.
Self-incompatibility
Of the ~250,000 species of angiosperms, more than half have evolved self-incompatibility (SI) (de Nettancourt, 2001 ). It should be noted from the outset that the term "self-incompatibility" refers to a variety of molecularly diverse and evolutionarily unrelated mechanisms for preventing self-fertilization. In some self-incompatible species, differences in floral morphology act to reinforce the ability of the pistil to discriminate between self and non-self pollen. For example, primrose (Primula) exhibits two floral forms (morphs) that differ in morphology, primarily in the relative placement of stigmas and anthers, and pollinations succeed only between different morphs (de Nettancourt, 2001) . It is this visually dramatic floral heteromorphism and its association with the ability to cross-pollinate that allowed Darwin and other early botanists to appreciate the existence of self-incompatibility in plants (Darwin, 1876; de Nettancourt, 2001 ). However, in most plant groups, SI is not accompanied by differing floral morphology and the outcome of pollination can only be predicted by reciprocal pollination tests between individual plants. Even among these so-called homomorphic SI systems, there are major differences among families in the number of self-recognition loci that control SI specificity, the genetic control of pollen SI phenotype (i.e., whether it is determined by its own haploid genome or the diploid genome of its parent plant), as well as where along the path of pollen tube growth (stigma, style, or ovary) self-pollination is inhibited and the molecular mechanism that underlies arrest of self pollen. These differences among SI systems suggest that SI has evolved multiple times throughout angiosperm history.
Despite these differences, however, all SI systems analyzed to date, irrespective of their underlying molecular mechanisms, share several features in common. In many systems, including those described below, SI specificity is determined by haplotypes of a single self-recognition locus, traditionally termed the S (Sterility) locus. In this context, "self" and "non-self" refer, respec- A flower of the Brassica genus, which includes the cole crops such as broccoli, cabbage, brussel sprouts, and oilseed rape (canola). The yellow petals, displayed in the cruciform pattern that gives the family its "crucifer" of pollen tubes (arrowheads) is due to binding of the aniline blue stain to polysaccharides in the tube wall. Pollen grains land on the stigma epidermal cells and if determined compatible by the stigma, they form sperm-cellcontaining pollen tubes that grow between sub-epidermal cells of the stigma and are guided down the style (C) common name, surround the centrally-located female (pistil) and male (stamens) reproductive organs. (B) A scanning electron micrograph of an Arabidopsis thaliana flower, focusing in on the pistil and stamens. The pistil is subdivided into the apical stigma, which receives and screens pollen, the style, through which pollen tubes grow, and the ovary, which houses the ovules. The stamen consists of an apical anther, which houses the pollen, supported by a stalk-like filament. Several mature pollen grains have shed from the anthers. (C,D,E) The path of pollen tube growth in an A. thaliana pistil. In these epifluorescence images, the fluorescence and ovary (D). In the ovary, a pollen tube is guided by unknown cues towards an ovule (E), into which it discharges its two sperm cells, which subsequently fuse with embryo sac cells within the ovule in the process of double fertilization (see text). Scale bars, 100 µm (C,D), 20 µm (E).
tively, to genetic identity and non-identity at the S locus. In all SI systems characterized to date, the S haplotype consists of two genes, which individually determine SI specificity in pistil or pollen. These genes are highly polymorphic due to strong balancing selection, and a self-incompatible species can exhibit a large number of SI recognition specificities, and therefore of S haplotypes: e.g., ~100 different SI specificities are estimated to occur in Brassica rapa . The SI recognition genes are maintained in tight genetic linkage by reduced recombination, resulting from close physical proximity of the genes and from the extensive structural heteromorphism (rearrangements and haplotype-specific sequences) that distinguish different Slocus haplotypes (Nasrallah, 2000) . In all systems, recognition of self pollen is based on allele-specific interactions (direct or indirect) of the pistil-and pollen-expressed products of S-locus genes, which in turn trigger activation of a cellular response in pistil or pollen (depending on the SI system), which culminates in inhibition of pollen tube development. Thus, unlike other recognition phenomena, which are typically based on recognition and rejection of non-self, SI systems are based on recognition and rejection of self.
A variety of molecular mechanisms for inhibition of selfpollination
To date, the outlines of three molecular mechanisms of selfpollen recognition and inhibition have been elucidated by molecular analysis of only a handful of plant families: the crucifer family (Brassicaceae, including cabbage, broccoli, oilseed rape/canola), the night-shade family (Solanaceae, including tobacco, tomato, potato, petunia), the rose family (Rosaceae, including fruit trees), the snapdragon family (Scrophulariaceae), and the poppy family (Papaveraceae). These systems differ from one another with respect to both the recognition and response phases of SI. In particular, the manner in which self pollen is arrested and whether this arrest involves cell death or not is dictated by the site of pollen inhibition, i.e., whether it occurs early or late during the pollen tube's journey through the pistil, which in turn is determined by characteristics of the stigma surface. Thus, in crucifers, the SI response is manifested at the surface of the "dry" (i.e., nonsecretory) stigma by failure of pollen germination and tube growth; as a consequence, incompatible pollen tubes rarely grow into the pistil and it stands to reason that their inhibition would not be accompanied by death of the pollen grain or tube. In contrast, pollen tube death is clearly the only way to inhibit incompatible pollen tubes that have already penetrated into the pistil, as occurs in families having a "wet" (i.e., highly secretory) stigma on which pollen grains automatically hydrate and germinate. It may be argued that SI mechanisms operating at the stigma surface are more efficient, energetically and reproductively, than those operating in the transmitting tract of the stigma, style, and ovary, if only because they preclude the formation of incompatible pollen tubes, which can clog the transmitting tract and interfere with the subsequent growth of compatible pollen tubes.
Early arrest of self pollen: recognition by receptor-ligand interactions at the stigma surface in the crucifer family
The SI system of crucifers operates at the level of interaction between a pollen grain and a stigma epidermal cell. The SI response is very rapid and is typically observed within minutes of pollen-stigma contact. It is also highly localized and involves only the zone of contact between a pollen grain and a stigma epidermal cell. As a result, a single papillar cell can discriminate between genetically different pollen grains, inhibiting a self pollen grain while allowing the development of a non-self pollen grain (Dickinson, 1995) . Furthermore, incompatible pollen grains that have not formed pollen tubes are still viable for a time after landing on an incompatible stigma, and can form pollen tubes when transferred to a compatible stigma (Geitmann, 1999) . Thus, inhibition of self pollen in this family does not involve cell death of either pollen or stigma cells.
Consistent with these features, recognition of self-related pollen in crucifers is based on the action of cell surface-localized receptors and ligands encoded by two S-locus genes: the S-locus Receptor Kinase (SRK) gene, which encodes a single-pass transmembrane serine/threonine kinase localized in the plasma membrane of the stigma epidermal cell (Stein et al., 1991 (Stein et al., , 1996 Takasaki et al., 2000) , and the S-locus Cysteine-Rich protein (SCR) gene (Schopfer et al., 1999 ; also designated SP11 (Slocus protein 11; Suzuki et al., 1999) ), which encodes a small peptide that is located in the pollen coat and functions as the ligand for the SRK receptor. Contact between a pollen grain and a stigma epidermal cell causes transfer of the SCR peptide, along with other components of the pollen coat, to the stigma surface, allowing SRK-SCR interactions to take place. SRK and SCR are highly polymorphic: overall amino acid sequence among alleles can diverge by as much as 35% for SRK and by over 70% for SCR variants. And it is the specific and direct interactions between SRK and SCR variants encoded by the same S haplotype that underlie the specific recognition of self pollen (Kachroo et al., 2001; Takayama et al., 2001; Shimosato et al., 2007) . The conclusion that SRK and SCR are necessary and sufficient for specific recognition of self pollen has been demonstrated repeatedly by analysis of loss-of-function mutants and by gain-of-function transgenic experiments in which transfer of a particular allele of SRK or SCR resulted in acquisition of the corresponding SI specificity in stigma or pollen, respectively (Nasrallah, 2005; Takayama and Isogai, 2005) . One of the most dramatic transgenic experiments was the successful inter-specific transfer of the SI trait by transformation of the self-fertile model plant Arabidopsis thaliana with an SRK-SCR gene pair from the self-incompatible A. lyrata (Nasrallah et al., 2002 .
The current view of SI in crucifers is based on the ligandactivated receptor paradigm established in animal systems, whereby the binding of SCR to the extracellular domain of SRK activates the receptor's kinase, initiating a signaling cascade within the stigma epidermal cell that culminates in pollen rejection (Fig. 2) . In this view, all biochemical activity triggered by the SRK-SCR interaction is thought to occur within the stigma, with the pollen grain contributing only the activating ligand. However, and although supported by the fact that pollen grains remain viable after contacting an incompatible stigma, this notion has not been rigorously tested.
The molecules that regulate or orchestrate the SI response downstream of stigma-pollen recognition are poorly understood. Efforts at elucidating the SI signaling pathway have involved yeast 2-hybrid screens for proteins that interact with the kinase domain of SRK (Bower et al., 1996; Gu et al., 1998; Vanoosthuyse et al., 2003) and analysis of mutations that cause breakdown of SI, not only in naturally self-incompatible Brassica species (Murase et al., 2004) , but also in the A. thaliana transgenic self-incompatible model (Liu et al., 2007) . These approaches have identified a few potential candidate effector proteins, only some of which have been shown to function in SI. Two thioredoxin h-like proteins, identified in yeast (Bower et al., 1996) , are thought to function as negative regulators of SI by maintaining SRK in an inactive form in resting stigmas, i.e., in the absence of SCR ligand. Antisense suppression of these proteins causes low-level constitutive rejection of both self and non-self pollen (Haffani et al., 2004) . Furthermore, a constitutively active variant of SRK is inhibited by thioredoxin, and this inhibition is reversed by addition of self pollen coat proteins (Cabrillac et al., 2001) . Interestingly, in the stigma, SRK forms dimers in the absence of SCR (Giranton et al., 2000) via ligand-independent association domains located in its extracellular region (Naithani et al., 2007) , suggesting that thioredoxin h-like proteins might function to maintain these ligandindependent dimers in an inactive form and that this inhibition would be relieved by interaction of SRK with its cognate SCR (Cabrillac et al., 2001) . Whether activation of SRK is also accompanied by the formation of higher order receptor complexes or changes in the conformation of the receptor, as described for animal receptors, is not known.
Three positive effectors of the SI response have been identified. MLPK (M-locus Protein Kinase), which was identified by map-based cloning of a Brassica rapa mutation that disrupts the ability of the stigma to inhibit self pollen, is a cytosolic serine/ threonine protein kinase with a putative N-terminal myristoylation signal that presumably anchors it to the stigma plasma membrane (Murase et al., 2004) . Another positive effector is Brassica ARC1 (Armadillo Repeat-Containing protein 1; Gu et al., 1998) , a member of the sub-family of U-box proteins that exhibit E3 ubiquitin ligase activity and contains the Armadillo (Arm) repeat protein interaction domain (Azevedo et al., 2001; Stone et al., 2003) . ARC1 is expressed specifically in stigmas, it interacts in yeast with phosphorylated forms (but not unphosphorylated forms) of the SRK kinase domain (Gu et al., 1998) , and it localizes with the proteasome and COP9 signalosome only in the presence of a functional SRK (Stone et al., 2003) . Finally, AtPUB8 (Arabidopsis thaliana Plant U-box protein 8) was identified using the A. thaliana transgenic SI model as a gene required for expression of SI at late stages of stigma development, apparently by regulating the levels of SRK transcripts (Liu et al., 2007) . Like ARC1, AtPUB8 is predicted to have both a U-box domain and an Arm-repeat region (Azevedo et al., 2001) and to have E3 ligase activity, but it lacks several domains found in ARC1, suggesting that it is not the functional ortholog of Brassica ARC1.
Despite this progress in identifying some effectors of the SI response, we are far from even a rudimentary understanding of the cellular events that are triggered by SCR-mediated activation of SRK. The nature of the identified effector proteins is consistent with a role for both phosphorylation (as expected) and ubiquitination in the regulation or orchestration of the SI response. However, the targets of MLPK kinase activity and of ARC1 and AtPUB8 E3 ligase activity are not known, and only a vague outline of SRK signaling may be sketched at this time (Fig. 2) . One scenario The diagram shows an S 1 S 2 stigma epidermal cell interacting with a pollen grain derived from an S 1 S 2 plant (self pollen) and a pollen grain derived from an S 3 S 4 plant (non-self pollen). The SI self-recognition molecules, the stigma SRK receptor and the pollen coat-localized SCR ligand, are color-coded to depict variants with different SI specificities. Pollen grains are shown to display two SCR variants because self-incompatible plants are typically heterozygous at the S locus and SCR is produced by tapetal cells, which are derived from diploid cells of the anther: thus, assuming co-dominance of S haplotypes, the haploid pollen grains produced by an S 1 S 2 plant will be phenotypically S 1 S 2 even though genotypically they are S 1 or S 2 . SRK is shown as forming ligandindependent homodimers (i.e., in the absence of self pollen), which are maintained in an inactive state by binding to the thioredoxin h proteins THL1 and THL2. Allele-specific binding of the SRK extracellular domain to its cognate SCR ligand would activate the receptor by dislodging the inhibitory THL proteins and possibly causing a conformational change in the receptor. This activation would then trigger a localized response within the stigma epidermal cell that culminates in the inhibition of a self pollen grain but does not affect the germination of a non-self pollen grain, whose SCR does not bind and activate SRK. Arrows drawn in the cytoplasm of the stigma epidermal cell depict a largely speculative (question marks) signaling pathway that includes only two effectors: the membrane-bound kinase MLPK and the cytoplasmic E3 ligase ARC1, which might ubiquitinate as-yet unknown proteins (either inhibitors of SI or proteins required for pollen tube growth), either causing their degradation or sub-cellular redistribution. Not shown is AtPUB8, another positive effector of SI with predicted E3 ligase activity, which is thought to function largely by regulating the steady-state levels of SRK transcripts.
involves on the one hand, a phosphorylation cascade with MLPK as a possible intermediate and on the other hand, ubiquitination causing degradation or subcellular redistribution of unknown proteins, which might function as inhibitors of SI or proteins required for pollen tube growth. As yet, no clues have emerged regarding how these two biochemical activities intersect to cause arrest of self pollen tube development at the stigma surface.
Self incompatibility (SI) by pollen tube cell death: two distinct mechanisms
In contrast to the early-acting SI system of crucifers, late-acting SI systems, in which incompatible pollen grains germinate and produce pollen tubes that grow into the pistil, typically result in pollen tube death. This phenomenon has been described in two molecularly distinct SI systems: one involving programmed cell death and the other involving degradation of pollen tube RNA.
Programmed cell death of self pollen tubes in poppy
The SI response of poppy (Papaver rhoeas) is manifested during or shortly after pollen tube germination at the stigma surface and results in death of pollen tubes after penetration into the stigma (Geitmann, 1999) . In contrast to the other two SI systems described here, only the female determinant of SI specificity (the stigma-localized S protein), but not the pollen determinant, has been reported in this SI system. Furthermore, the S protein is a small secreted glycoprotein that does not exhibit sequence similarity to proteins of known function, and its identity does not therefore suggest how it might effect inhibition of self pollen. Nevertheless, an understanding of the biochemical events that occur within self pollen tubes to cause their arrest is much more advanced in this system than in any other SI system. This progress has largely been due to the development of a robust in vitro bioassay for pollen tube growth, in which addition of purified preparations of the S protein faithfully recapitulates the SI response, triggering dramatic cellular responses and ultimate cell death specifically in self pollen tubes (McClure & Franklin-Tong, 2006) . Among the observed effects of self S protein (Fig. 3) is a rapid influx of calcium just behind the tube tip, which alters the normal cytosolic tip-focused calcium gradients that maintain growth at the pollen tube tip . This calcium influx apparently triggers several downstream events that cause initial inhibition of pollen tube growth, among the earliest of which are actin depolymerization and disruption of the actin cytoskeleton (Snowman et al., 2002; Thomas et al., 2006) . These events are followed by calcium/calmodulin-dependent phosphorylation and inactivation of p26, a 26 kDa cytosolic pollen protein with homology to soluble inorganic pyrophosphatases known to drive biosynthesis reactions (Rudd et al., 1996; de Graaf et al., 2006) . Subsequent events include phosphorylation and activation of a putative MAPK (Mitogen- The diagram shows an S 1 (self) pollen tube growing in an S 1 S 2 stigma. The diploid cells of the stigma secrete two S-protein variants (represented by different colors) that accumulate in the extracellular matrix through which the pollen tubes grow. The model postulates that the S protein interacts in an allele-specific manner with an as-yet unidentified receptor localized in the pollen tube membrane and encoded by the S locus. Because the SI phenotype of a pollen tube is determined by its own haploid genotype, each pollen tube is shown as expressing one variant of this putative receptor. The interaction between the S protein and its cognate pollen receptor would recruit the accessory pollen tube membrane protein SBP, which somehow initiates opening of calcium channels in the membrane of self pollen tubes and triggers a series of cellular responses that cause death of self pollen tubes. As described in the text, these responses, which have been demonstrated experimentally using an in vitro pollen tube growth assay, include a rapid influx of calcium causing actin depolymerization, disruption of tube metabolism, activation of a MAPK, and culminating in various events characteristic of programmed cell death.
activated protein kinase; Rudd et al., 2003) and several known hallmarks of programmed cell death, such as leakage of cytochrome c from mitochondria into the cytosol, activation of caspases (Thomas and Franklin-Tong, 2004) , and DNA fragmentation (Jordan et al., 2000) . On the basis of these results, the male determinant of SI is proposed to be a receptor localized to the plasma membrane of the pollen tube (Fig. 3) . This predicted receptor would function primarily as a regulator of calcium channel activity, possibly in conjunction with an accessory receptor, the S-protein binding protein SBP (Hearn et al., 1996) . SBP is an integral membrane proteoglycan that is expressed specifically in pollen tubes, binds stigmatic S proteins (albeit not in an allele-specific manner), and apparently enhances the ability of these S proteins to inhibit self pollen tubes in vitro (Jordan et al., 1999) . Identification of the male determinant of SI is clearly essential for understanding how it interacts (either directly or indirectly via SBP) with the stigmatic S protein to initiate programmed cell death in self pollen tubes.
SI by cytotoxic S-RNases and degradation of pollen tube RNA
In the nightshade, rose, and snapdragon families, the SI response is typically manifested within the upper third of the style where incompatible pollen tubes exhibit reduced rates of elongation, loss of membrane integrity, disrupted organelles, and wall thickening, all of which can lead to swelling and bursting of the tube tip Lush and Clarke, 1997; de Nettancourt, 2001 ). This dramatic cessation of pollen tube elongation is effected by the S-RNase (S-locus ribonuclease), an abundant and highly polymorphic pistil-specific glycoprotein encoded by the S locus and secreted into the extracellular matrix that lines the path of pollen tube growth (McClure et al., 1989; Lee et al., 1994; Murfett et al., 1994) . The S-RNase has a non-specific RNA degrading activity (McClure et al., 1990) , but similar to S-locus products in other SI systems, its activity is directed specifically at self pollen tubes: when self pollen tubes grow alongside non-self pollen tubes in a pistil, only self tubes are arrested while non-self tubes continue their growth towards the ovules.
How S-RNases effect this S allele-specific inhibition of self pollen tubes is a major unanswered question. This specificity cannot be ascribed to selective uptake of S-RNase by self pollen tubes because S-RNases are non-specifically taken up by self and non-self pollen tubes alike (Luu et al., 2000) . Therefore, specificity must result from events that take place within the pollen tube subsequent to S-RNase uptake. A clue derives from the predicted biochemical activity of the pollen S locus-encoded partner of the S-RNase, SLF (S-locus F-box; Lai et al., 2002; Sijacic et al., 2004) [designated SFB (S-haplotypespecific F-box) in the rose family (Ushijima et al., 2003) ]. SLF is a predicted cytoplasmic protein that belongs to the F-box protein family, whose members are known to function as part of an E3 ubiquitin ligase complex. Thus, SLF is thought to function in ubiquitin-mediated proteolysis, with its primary (if not only) target being self S-RNase (i.e., the S-RNase encoded by the same S haplotype). Indeed, SLF binds to E3 ligase complex components (Qiao et al., 2004; Hua and Kao, 2006) , and proteasomal inhibitor treatment causes inhibition of compatible, but not incompatible, pollen tubes (Qiao et al., 2004) . Furthermore, S-RNase and SLF interact. However, their interaction is not allele-specific, i.e., SLF binds to both self and non-self SRNase (Qiao et al., 2004) . As a result, there is still much debate about how these S-locus proteins mediate specific RNA degradation and arrest of self pollen tubes.
One scenario is that SLF interacts with any S-RNase that is taken up by the pollen tube, but that only non-self S-RNase molecules are ubiquitinated and degraded, while self S-RNase is protected and remains competent for RNA degradation, either by an additional S haplotype-specific interaction with its cognate SLF or by interaction with a putative unknown mol- Allele-specific interaction between S-RNase and its cognate SLF would prevent binding of this inhibitor, thus maintaining the S-RNase in an active form that is competent for RNA degradation. (Model 2) is more complex and invokes dynamic changes in the subcellular localization of S-RNases, effected largely by HT-B, a protein that is secreted by the style and is required for SI. As described in the text, the major postulates of this model are: (1) S-RNases are sequestered within vesicular compartments in pollen tubes; (2) in non-self pollen tubes, S-RNases remain sequestered and any that might escape these compartments are eliminated by a general surveillance system; (3) in self pollen tubes, allele-specific S-RNase-SLF interaction would protect the S-RNase from degradation, cause stabilization of HT-B, which in turn would cause disintegration of S-RNase compartments, release of the S-RNases, and RNA degradation.
ecule. However, deletion of the SLF gene does not cause the constitutive rejection of self and non-self pollen predicted by this scenario (Sonneveld et al., 2005) . To accommodate this result, one model of S-RNase-based SI (Fig. 4, Model 1) invokes an unknown S-RNase inhibitor that would inhibit all SRNases by binding to their active site. The interaction of SRNase with its cognate SLF would somehow prevent inhibitor binding, allowing the protected S-RNase to degrade RNA.
A weakness of this model is that it fails to accommodate a role for three stylar proteins known to be required for self pollen tube inhibition: the small, asparagine-rich HT-B protein; the 120K glycoprotein, which like S-RNases is taken up nonspecifically into the pollen tube; and factor 4936 (Lind et al., 1996; McClure et al., 1999 McClure et al., , 2000 O'Brien et al., 2002; Hancock et al., 2005) . It also does not account for the recently observed dynamic subcellular distribution of S-RNases in pollen tubes. It was found that S-RNases are not degraded after uptake into the pollen tube as previously hypothesized; rather, they are sequestered along with 120K glycoprotein within endomembrane vesicles in both self and non-self pollen tubes (Goldraij et al., 2006) . As pollen tube growth progresses, these S-RNasecontaining compartments break down in self pollen tubes, presumably releasing S-RNases into the cytoplasm, but they remain intact in non-self tubes. Loss of HT-B, factor 4936, or 120K (e.g., by mutation or down-regulation mediated by antisense or RNAi constructs; McClure et al., 1999 McClure et al., , 2000 O'Brien et al., 2002; Hancock et al., 2005) , which overcomes SI, also prevents disintegration of S-RNase compartments (Goldraij et al., 2006) . Furthermore, HT-B accumulates to much lower levels in non-self compared to self tubes, suggesting that destabilization of HT-B is associated with successful pollen tube growth (Goldraij et al., 2006) .
On the basis of these observations, a recent model of SRNase-based SI (Fig. 4 , Model 2) ascribes a major role for HT-B in the breakdown of S-RNase-containing compartments and release of sequestered S-RNases into the tube cytoplasm (Goldraij et al., 2006; McClure and Franklin-Tong, 2006) . This model proposes that HT-B enters the pollen tube along with the S-RNase (as well as 120K and factor 4936), and both molecules are sequestered via endocytosis into membrane-bound endosomes that fuse with vacuolar compartments. Since interaction between S-RNases and SLF presumably occurs in the cytoplasm, a small fraction of the S-RNases might exit the endomembrane system, possibly by retrograde transport into the endoplasmic reticulum and subsequent release. In non-self pollen tubes, the released S-RNases would be recognized and degraded by interaction with an unknown general S-RNase inhibitor, possibly a component of a cytoplasmic surveillance system that eliminates cytotoxic molecules. However, in self pollen tubes, allele-specific binding to cognate SLF would protect the released S-RNases from degradation and would lead to stabilization of HT-B, perhaps by SLF-mediated ubiquitination and subsequent degradation of an HT-B inhibitor. HT-B stabilization would somehow lead to endomembrane compartment breakdown, followed by en masse release of sequestered S-RNases that would be too abundant for effective general inhibitor surveillance, leaving the S-RNases active for RNA degradation. In non-self pollinations, the S-RNase-SLF interaction does not take place, HT-B is degraded and endomembrane integrity is maintained, thus keeping the majority of S-RNases sequestered and allowing pollen tube growth to proceed.
Future prospects
A major insight obtained from the molecular analysis of a handful of SI systems was the realization that SI evolved multiple times during flowering plant evolution and that different plant families use distinct molecules for recognition of self and different biochemical pathways to arrest self pollen tube development. Despite the substantial progress made in recent years, there are still glaring gaps in our understanding of SI mechanisms. While working models have been generated for each of the three SI systems reviewed here, it is still not possible, in any system, to explain exactly how recognition of self pollen by cells of the pistil translates into inhibition of pollen tube growth and ultimately, of self-fertilization.
New data generated by ongoing studies will no doubt require refinement of some models and may even cause major elements of other models to be discarded. Current research efforts are aimed at filling major gaps in each of the three SI systems, i.e., unraveling the events that are triggered subsequent to recognition in receptor-mediated crucifer and S-RNase-based SI, and identifying the male determinant of SI and determining if it interacts directly or indirectly with the stigmatic S protein in poppy. These are not the only remaining unresolved issues, however. In all three systems, very little is known about the basis of SI specificity in pistil and pollen determinants. Identifying the amino acid residues that determine specificity has proven difficult because of the extreme polymorphisms of S-locus proteins, not all of which are critical for specificity. To date, specificity-determining residues have been identified and experimentally validated for only two SCR variants in Brassica (Chookajorn et al., 2004; Sato et al., 2004) , one S-RNase in Solanum (Matton et al., 1997) , and no stigmatic S proteins in poppy. Compounding the difficulty of these studies is the finding that different amino-acid residues appear to determine the specificity of different variants, at least in the case of SCR (Chookajorn et al., 2004) . Irrespective of these difficulties, however, progress on this front is critical. Only then might it be possible to address the challenging question of how pistil and pollen SI determinants co-evolve to maintain their interaction and their competence for self recognition, and to solve the puzzle of how the large repertoire of SI specificities that exist in self-incompatible species is generated.
